Abstract. Astrometric positions of the first eight largest Saturnian satellites and the Lagrangian satellites Helene, Telesto and Calypso are presented from 493 CCD frames taken at the oppositions in 1995 through 1999. The images were obtained over 27 nights. Observed positions are compared with the calculated ones from Vienne and Duriez TASS 1.7 for the large satellites and from JPL positions for the Lagrangian satellites. The rms is about 0. 12 for the former but 0. 20 for Iapetus and 0. 28 for Hyperion. For the Lagrangian satellites it is about 0. 21 for Helene, 2. 02 for Telesto and 0. 60 for Calypso.
Introduction
Our observations of Saturnian satellites belong to a program of systematic astrometric observations of the satellites of Jovian planets initiated in 1982 in Brazil. The results of the 138 photographic plates of the Saturnian large satellites carried out in the period 1982 to 1988 were published in Veiga & Vieira Martins (1999) . For those observations the residuals give rise to a standard deviation smaller than 0. 3. Moreover 22 photographic positions of Helene with the same standard deviation where published in Veiga & Vieira Martins (2000) . Also, many CCD observations made in 1995 when the Earth and the Sun crossed the plane of the Saturnian satellites were astrometrically reduced and published in Vienne et al. (2001a) , here after (VTVAM). There, we presented 6006 differential positions of the eight largest satellites with dispersion smaller than 0. 15. The positions of Tethys, Dione, Rea and Titan were used to define a reference system in every frame.
In the past years some others observations of the Saturnian satellites were published, including the accurate positions presented in Peng et al. (2002) . A review of the published observations and their comparison with different ephemerides can be found in Vienne (2001) .
In this paper the observation of 493 CCD frames carried out during 27 nights, distributed in 10 missions in 1995-1999, are presented. The zenith distances of the planet were in general Send offprint requests to: C. H. Veiga, e-mail: cave@on.br The catalog (Full Table 4 ) is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/400/1095
Based on observations made at Laboratório Nacional de Astrofísica/MCT-Itajubá-Brazil. small because the telescope latitude (−23
• ) was close to the declination of the planet. Since the number of reference stars is very small in almost all frames, the inter-satellite reduction method as presented in (VTVAM) was used.
This paper is organized as follows: in Sect. 2 we present the observations, measurements and reduction; in Sect. 3 the observed positions are presented and compared with the calculated ones. The conclusions are presented in Sect. 4.
The observations, measurements and reductions
All the observations were made at the Cassegrain-focus of the 1.6 m Ritchey-Chretien reflector of the Laboratório Nacional de Astrofísica in Brazil (geographical longitude: 3 h 02 m 19 s , latitude: −22
• 32 04 and altitude: 1872 m). The focal length of the Cassegrain combination is 15.8 m, which results in a plate scale of 13. 0/mm in the focal plane. No filter was used. In order to avoid saturation in the CCD due to the light from the planet, a round mask was put on the CCD window and the frames were made with Saturn's image behind this mask. Since the distance from the camera window to the CCD surface is small, the penumbra region is negligible.
During the missions, 4 CCDs detectors were used. In Table 1 the characteristics of these devices are given.
Since the pixels dimension of every CCD used are about 22 µm × 22 µm, the scale per pixel is about 0. 3 × 0. 3. Therefore, the field observed with these devices is about 4 × 5 and 5 × 5 .
The numbers of observed nights and useful positions in general referred to Rhea, for each satellite, are presented in Table 2 . We consider as useful positions those with |O−C| smaller than 0. 5 for the eight large satellites and smaller Table 2 . Numbers of observed nights and useful positions in general referred to Rhea, for every satellite. We consider useful positions those with |(O−C)| smaller than 0. 5 in the case of the eight large satellites (S1-S8) and smaller than 2. for S12 and than 5. for S13 and S14. than 2. 0 for Helene and 5. 0 for Telesto and Calypso. It can be noted that the number of observations increases with the distance from Saturn. This is a consequence of the difficulty to observe faint satellites near bright planets. However, for the satellites with largest distance from the planet the number of observations decreases with the distance, mainly because the CCDs used are relatively small. In particular, Iapetus is too far from Saturn and so we have only 7 positions observed in our frames, where Saturn is always at the center of the CCD. For the very faint Lagrangian satellites we have small number of images since their observations result blurred in the neighborhood of the bright Saturn. The histogram of the number of frames with respect to the epoch of the observations is shown in Fig. 1 . Each bar corresponds to one of the 10 observational missions.
As mentioned above, a round mask was put on the CCD image in order to occult the planet image. However, the ring image was saturated since the mask does not hide them. Therefore, many of the stars in the field are not see and many others are immersed in the light scattered by the planet and its rings. Furthermore, the limit magnitude of a typical image is 14. Consequently, a small number of reference stars appear and so we decided to measure only the satellite positions and adopt an inter-satellite reduction.
All frames were measured with the ASTROL software (Colas 1996) , which allowed us to use a centering algorithm based on the adjustment of a point spread function. A second degree polynomial is also adjusted in order to remove the background which is affected by the light from the planet and its rings. For the inter-satellite reduction, we used the method presented in (VTVAM) and (Vienne et al. 2001b ). More details and discussions of the method can be found in these papers.
We divided our observations in 16 series that cover one or few nights. For every series we assume that the receptor has been mounted in the same way for all the frames of the series and so the scale and the orientation remains the same for all of them. We used TASS1.7 (Vienne & Duriez 1995; Duriez & Vienne 1997) for the saturnicentric positions of the satellites. The positions of Saturn are given by the ephemerides SLP96 from the "Institut de mécanique céleste (IMCCE)" (available at ftp://ftp.imcce.fr/pub/ephem/sun/slp96/) found on the VSOP87 planetary theory (Bretagnon & Francou 1988) , which precision is about 0. 4. The frames registered and measured in pixels are not directly comparable with ephemeris, because they have been affected by some local effects. So first, we have to correct the computed coordinates with these effects due to refraction, stellar aberration, the projection of the celestial sphere on the tangential plane of the focal point, light-travel time between satellites and topocentric parallax. Comparing these apparent computed coordinates to the observed ones by a least square procedure, we deduced the scale factor and the orientation of the receptor. These two parameters are then free of these local effects. In the least square procedure, only the positions of Tethys, Dione, Rhea and Titan are used to calibrate because these satellites have the best ephemerides, and are thus probably affected by the smallest systematic effects.
The positions (∆α cos δ, ∆δ) we give in Table 4 are really astrometric ones because they are given in the J2000 system and all significant astrometric corrections have been done. But, for a given series, they are given apart from a scale factor and from a rotation. As explained in Vienne et al. (2001b) , if we want to compute the astrometric coordinates in any other way, for example with other ephemerides, we have only to touch up the scale factor and the orientation of the receptor.
Observed positions and comparison with the theory
As mentioned above, the observations were compared with TASS1.7 for the eight large satellites. If the |O−C| for one observation was larger than 0. 5, it was rejected. For the Lagrangian satellites, the JPL calculated positions (Jacobson 2001 ) was used and if the |O−C| was larger than 2. 0 for Helene and larger than 5. 0 for Telesto and Calypso it was rejected. We chose the above limits since the residuals out of these intervals are evidently outliers. The (O-C) statistics are presented in Table 3 and Fig. 2 shows the corresponding histograms. We can observe that the largest residuals appear for Mimas in the x direction, which is explained by the difficulty of taking measurements of the center of the satellite image within a region where light scattered by the rings is very significant. The mean values for the Lagrangian satellites are very large. Besides intrinsic errors brought about by the faintness of the images, this suggests that the theoretical positions of these satellites are not very good. For Iapetus and Hyperion, the means are also large. However the means for these satellites in (VTVAM) are smaller. Probably this is a consequence of the poor quality of our images of these relatively faint satellites.
The catalog of our astrometric data is available in electronic form at CDS via anonymous ftp to cdsarc.u-strasbg.fr or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/ A+A/400/1095. It is also available at ftp://ftp.bdl.fr/ pub/NSDC/saturn/raw data/position/. It contains astrometric coordinates, in the J2000 system, of the observations analyzed in this section. Table 4 shows an extract. It contains satellite/satellite positions expressed in arcseconds, gathered by series with the corresponding scale (in pixels/arcsec) and orientation (in radians). The dates correspond to the mid-time of the exposure. The date is not light-time corrected. In this catalog the positions with large residuals are also presented. so we have 2183 positions of Saturnian satellites but only 2072 of these positions are in the intervals defined in the other tables above.
The format and the conventions of our catalog are almost the same presented in (VTVAM) and quite similar to the one by Strugnell and Taylor (1990) . In a FORTRAN code, lines are read with the format: (i3, i5, i3, f11.7, f7.3, 2i4, i2, 1x, a2, a1, i2, i1, 2(1x, f13 .7), 2i2, 2(ix, f7.3), 3i3, 2f10.3). The meaning of each parameter can be found in Strugnell & Taylor (1990) and in (VTVAM), however here some are slightly different.
-opp.: opposition number, 1 = 1874 to 122 = 1999. -year, m, utc: year, month and utc date of the observation (like VTVAM). -tt-utc: TT-UTC in seconds (like VTVAM).
-obs.: IAU observatory code from the Minor Planet Center.
-reference code catalog (we have chosen 303 for the present observations). -t.: observation type. 0 = α, δ , 1 = ∆α cos δ, ∆δ , 2 = ∆α, ∆δ , 3 = position angle, separation . -obj.: subject satellite, reference satellite. 0 for Saturn, 1 to 8 for S1 to S8, 12 for Helene, 13 for Telesto, 14 for Calypso, C for the center of the plate which is not a physical object. -fl.: flags of presence of the first and second coordinates. -obs1, obs2: first and second coordinates. It is 0 when the coordinate is not present, see fl. -s: reference system. 0 = mean equator and equinox B1950, 1 = true equator and equinox of date of observation, 2 = mean equator and equinox of J2000. -f : reference frame. 0 = topocentric, 1 = geocentric, 2 = heliocentric. -o-c1, o-c2: residuals of observations in arcsecond computed with TASS1.7, it is 999.999 when the residuals are not computed and it is 888.888 when the residuals are greater than 100 in absolute value. -r: the number of the satellite used as reference in the computation of O-C. --: 0 for no meaning and 1 when the frame was not used in the computation of the scale and the direction of the series (see se column). -se: the number of the series, the scale and orientation are the same for all observations of one series. -xpix, ypix: original coordinates in pixels.
We add at the end of our catalog some lines which indicate how the reductions have been done and which corrections have been applied to get the coordinates. In particular, we give the scale and the orientation of each series of observations. Note that the orientation refers to the true equator of the date because the calibration parameters are issued from the direct comparison between the observed frame and a "computed frame". But, as explained in (VTVAM) (see also Vienne et al. 2001b) , it is possible to adjust the scale and the orientation directly by comparing the observed astrometric coordinates and the computed ones.
Conclusion
We present 2005 positions of the main satellites of Saturn and 67 positions of the Lagrangian satellites from CCD observations in 1995-1999 in Brazil. Since most of these frames have no reference stars, we applied an inter-satellite reduction. The positions of Tethys, Dione, Rhea and Titan given by TASS1.7 were used to determine the scale factor and the orientation of the receptor.
The comparison of the observed and computed positions shows that the RMS is about 0. 12 for the main satellites and larger for Hyperion and the Lagrangian satellites. The coordinates are given in NSDC base data and presented apart from the scale factor and from rotation, but all astrometric corrections are done. So, these differential positions are really absolute ones in the meaning that no astrometric correction is necessary to use them, even if one wants to adjust the calibration.
